D ry eye arises either from decreased tear secretion or increased tear evaporation. 1 Stern et al. 2 have proposed that subclinical inflammation is a feature of all forms of dry eye. Recent evidence clearly demonstrates increased proinflammatory cytokine activity and inflammatory cell-surface markers at the ocular surface epithelia of subjects with Sjögren's or nonSjögren's dry eye. 3, 4 Increased levels of the proinflammatory cytokines interleukin (IL)-1␣ and -1␤ have been shown in subjects with Sjögren's syndrome or ocular rosacea. 4, 5 The ocular surface in dry eye disease is compromised and therefore at risk for microbial infections. 6, 7 Although the concentration of antibacterial proteins such as lactoferrin are lower in the tear film of subjects with dry eye, there is no increase in the number of colonies of common conjunctival bacterial flora such as Staphylococcus aureus. 8, 9 Seal et al. 8 proposed that subjects with dry eye may have an alternative mechanism to protect the ocular surface from infection. One possibility is that naturally occurring antimicrobial peptides, such as human ␤-defensins (h〉Ds), provide alternate means of defense for the compromised ocular surface in dry eye, thus reducing the risk of corneal and conjunctival infections.
Defensins are antimicrobial peptides that are involved in innate host defense. 10, 11 Two families of defensins, ␣ and ␤, have been identified in humans. ␣-Defensins are produced by neutrophils and the Paneth cells of the intestine. ␤-defensins are secreted by epithelial cells. 11 Six hBDs-hBD-1, -2, -3, -4, and recently, -5 and -6 -have been identified. [12] [13] [14] [15] Defensins are active in vitro against several different bacteria, fungi and enveloped viruses and are thought to perform their microbicidal functions by forming pores in microbial cell membranes. 16, 17 Apart from their antimicrobial effects, defensins appear to influence a variety of cellular activities such as proliferation, 18 cytokine production, 19, 20 chemotaxis, 21, 22 and stimulation of mast cell histamine release. 23 In most tissues, hBD-1 is constitutively expressed, whereas hBD-2 and -3 are inducible by proinflammatory cytokines and bacterial by-products. 24 hBD-4 expression in human airway epithelia was upregulated by bacterial infection and activation of protein kinase C, 25 but was unchanged by proinflammatory cytokines that induce the expression of hBD-2 and -3. The effect of inflammatory cytokines or bacteria on the expression of the two most recently identified ␤-defensins, hBD-5 and -6, is unknown.
It has been shown that hBD-1 is constitutively expressed in the corneal and conjunctival epithelia. 26 -28 hBD-2 expression is variable in the conjunctiva of human subjects. 26 The expression of hBD-2 in the cornea is inducible by proinflammatory cytokines such as IL-1␣ and -1␤, tumor necrosis factor-␣ (TNF-␣), Gram-positive and -negative bacteria, and bacterial by-products such as lipopolysaccharide. 29, 30 hBD-3, -4, -5, and -6 have not been studied in conjunctival tissue.
Because strong evidence exists for increased proinflammatory cytokine activity on the ocular surface in dry eye, we hypothesized that a differential expression of ␤-defensins (hBD-1, -2, and -3) would be observed in subjects with moderate dry eye when compared with normal subjects. [2] [3] [4] Based on an earlier study 30 and results from our laboratory, 29 we speculated that proinflammatory cytokines and heat-killed Pseudomonas aeruginosa (PA) would differentially regulate ␤-defen-
METHODS

Human Subjects
All procedures involving human subjects were approved by the University of Houston institutional review board and were in accordance with the tenets of the Declaration of Helsinki. Informed consent was obtained from all subjects. All study subjects had been examined at the University Eye Institute (University of Houston) and had a normal ocular surface or dry eye disease. Eight normal subjects (three men, five women; age range, 20 -43 years) and nine subjects with dry eye (one man, eight women; age range, 23-40 years) took part in this study. There was no significant difference (one-way ANOVA P ϭ 0.47) between the mean ages of the normal subjects (28.37 Ϯ 7.1 years [SD]) and subjects with dry eye (26.22 Ϯ 4.9 years). None of the subjects were current contact lens wearers. All subjects with dry eye used tear supplements, whereas the normal subjects did not. Serologic testing was not done to rule-out Sjögren's syndrome. However, no subject reported a history of connective tissue disorders or xerostomia, which would be associated with this autoimmune disease.
Human Subjects: Subjective Assessment
A scoring-system-based dry eye questionnaire (Narayanan S, unpublished data, 2001) was used to aid the initial classification of subjects as normal or having moderate dry eye. A total questionnaire score below 17 was considered to be normal, a score above 32 was considered positive for dry eye, and scores between 17 and 32 were considered to indicate the possible presence of dry eye.
Human Subjects: Objective Assessment
This involved examination of general ocular surface health with a biomicroscope, grading of bulbar and limbal injection (Cornea and Contact Lens Research Unit [CCLRU] grading scale; School of Optometry, University of New South Wales, Sydney, NSW, Australia), and vital staining of the corneal and conjunctival epithelia using fluorescein and lissamine green [31] [32] [33] ; measuring tear secretion by the phenol red thread test 34 ; measuring tear osmolality using a vapor pressure osmometer (Vapro 5520; Wescor, Logan, UT); and estimating tear stability by measuring the fluorescein tear break-up time (Dry Eye Test; Akorn, Chicago, IL). 35 One-way analysis of variance (ANOVA) was used to test for differences between the two groups in the tear osmolality and phenol red thread test data, whereas grades of staining and injection were analyzed with nonparametric tests.
Conjunctival Impression Cytology Sample Collection
A single drop of 0.5% proparacaine hydrochloride (Akorn) was instilled in the eye. A 3 ϫ 8-mm preautoclaved polyether sulfone membrane (Supor; Pall Gellman Sciences, East Hills, NY), was then placed on the temporal bulbar conjunctiva for 5 to 10 seconds. The membrane was gently removed and placed directly in 100 L ice-cold TRIzol (Invitrogen, Carlsbad, CA). Samples were stored at Ϫ80°C until RT-PCR analysis.
Reverse Transcription and Duplex PCR
A modified phenol-chloroform extraction procedure 36 was used for total RNA extraction from the impression cytology specimens. RNA was precipitated with isopropanol and washed in ethanol before reconstitution in nuclease-free water. A portion of total RNA (250 ng) was used to generate 20 L of cDNA with oligo dT primers, using a commercially available first-strand synthesis system (Superscript; Invitrogen).
A constitutively expressed gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control to ensure equal amounts of starting cDNA in each reaction. Duplex PCR (Fast-Taq kit; Roche Diagnostics Inc., Indianapolis, IN) was performed for GAPDHϩhBD-1 and for GAPDHϩhBD-2. The primer sequences used and expected product sizes were as follows: GAPDH 30 forward 5Ј-GTGAAGGTCGGAGTCAACGGATTT-3Ј, reverse 5Ј-CACAGTCTTCT-GGGTGGCAGTGAT-3Ј, 555 bp; hBD-1 27 forward 5Ј-CCCAGTTCCT-GAAATCCTGA-3Ј, reverse 5Ј-CAGGTGCCTTGAATTTTGGT-3Ј, 215 bp; hBD-2 30 forward 5Ј-CCAGCCATCAGCCATGAGGGT-3Ј, reverse 5Ј-GGAGCCCTTTCTGAATCCGCA-3Ј, 257 bp; hBD-3 14 forward 5Ј-AGC-CTAGCAGCTATGAGGATC-3Ј, reverse 5Ј-CTTCGGCAGCATTTTCG-GCCA-3Ј, 206 bp. PCR amplification was performed for 35 cycles of denaturation at 94°C (50 seconds), annealing 60°C (1 minute) and primer extension at 72°C (1 minute). Ethidium bromide-stained 1.3% agarose gels were used to analyze the PCR products. An Alpha Imager (Alpha Innotech, San Leandro, CA) gel-documentation system was used to obtain digital images and analyze them semiquantitatively. One-step RT-PCR (described later) was used to detect hBD-3 mRNA in the conjunctival impression cytology samples. Control experiments in which either nucleic acid or reverse transcriptase was omitted were also performed, and in all cases no product was obtained (data not shown).
Cell Culture
All cell culture reagents were obtained from Invitrogen, unless otherwise stated. Chang conjunctival cells (Wong-Kilbourne derivative) were obtained from American Type Culture Collection (CCL 20.2; Manassas, VA) and grown in M199 medium with 10% calf serum. (1:1 vol/vol), containing 10% fetal bovine serum, 2 ng/mL mouse epidermal growth factor (EGF; Sigma-Aldrich, St. Louis, MO), 1 g/mL bovine insulin (Sigma-Aldrich), 0.1 g/mL cholera toxin (Sigma-Aldrich), 5 g/mL hydrocortisone (Sigma-Aldrich), 2.5 g/mL amphotericin B, and a penicillin streptomycin mixture (5000 U/mL and 5000 g/mL, respectively). Human conjunctival tissue from three donors (54, 37, and 39 years of age) was obtained from the National Disease Research Interchange (NDRI, Philadelphia, PA). Primary conjunctival epithelial cells were cultured as described by Gamache et al. 38 Briefly, conjunctival tissue was incubated overnight at 4°C in a 1:1 (vol/vol) solution of cell culture medium (EpiLife; Cascade Biologics, Portland, OR) and dispase (20 U/mL). Epithelial cells were then scraped free and seeded in the culture medium into 25 cm 2 flasks coated with a coating mix to enhance attachment (FNC; AthenaES, Baltimore, MD). The cells grew to confluence by 1 week and were then passaged in trypsin-EDTA. The epithelial nature of the primary cultured cells was studied by immunolabeling for epithelial-specific cytokeratin. All cells labeled positively for the antibody (data not shown). Primary-cultured cells of passages 1 to 3 were used for the experiments.
Preparation of Heat-Killed Pseudomonas aeruginosa
A single isolated PA colony was used to inoculate 5 mL of nutrient broth (NB) overnight at 37°C. Fifty microliters of this bacterial suspension was used to inoculate 50 mL of fresh NB, which was incubated for 2.5 hours with vigorous shaking at 37°C to achieve midlog-phase growth. Twenty-five milliliters of the warm PA culture was centrifuged at 3100g for 10 minutes, and the bacterial cell pellet was resuspended in cold PB (10 mM phosphate buffer [8.2 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH ϭ 7.4]) at 10 7 cfu/mL. Bacteria were killed by heating 100-L aliquots at 65°C for 30 minutes. To establish the efficacy of this procedure, a sample of heat-killed or live PA were grown on individual agar plates at 37°C for 24 hours. The heat-killed plates did not demonstrate any evidence of bacterial growth, whereas plates with live bacteria showed complete coverage by colonies (data not shown). The heat-killed bacteria were stored at Ϫ80°C until needed. 
Cytokine and PA Treatment of Conjunctival Cells
Chang cells and NHC cells were serum-starved overnight, whereas primary cultured cells were placed in extract-free cell culture medium (EpiLife; Cascade Biologics) overnight before each experiment. The cells were treated for 24 hours with IL-1␤ (10 ng/mL), TNF-␣ (10 ng/mL), a combination of IL-1␤ and TNF-␣ (both at 10 ng/mL), IFN-␥ (40 ng/mL), or heat-killed PA (10 6 cfu). Experiments were also performed in which the cells were treated with various concentrations (0.1-100 ng/mL) of IL-1␤ for 24 hours or 10 ng/mL IL-1␤ for 2 to 24 hours. At the end of the treatment period, cells were collected and stored at Ϫ80°C until RNA extraction. Cell culture supernatants were also collected, centrifuged to remove any cells, and stored at Ϫ80°C until immunoblot analysis was performed.
One-Step RT-PCR
Total RNA was extracted from the cells using mini kits (RNeasy; Qiagen, Valencia, CA). One-step RT-PCR (Superscript I; Invitrogen) was performed with 250 ng of total RNA and 25 pmol of gene-specific primers (described earlier), to detect mRNA for GAPDH and hBD-1, 2, and -3. Reverse transcription was performed at 50°C for 1 hour to generate the cDNA, followed by 5 minutes at 94°C to denature the enzyme. PCR was performed for 40 cycles, and products were analyzed as described earlier.
Immunoblot Analysis
One hundred microliters of culture supernatant was applied by gravity to a nitrocellulose membrane using a dot-blot apparatus. Nonspecific binding sites were blocked by incubating in Tris-buffered saline (TBS) containing 5% nonfat powdered milk for 30 minutes at room temperature. The membrane was then incubated overnight with rabbit antihuman hBD-2 diluted 1:2000 in TBS containing 5% nonfat powdered milk, 5% goat serum, 0.05% Tween 20, and 0.02% sodium azide. After the incubation, the membrane was washed (3 ϫ 10 minutes, TBS) and incubated for 1 hour at room temperature with a horseradish peroxidase-conjugated goat anti-rabbit antibody (Jackson Laboratories, West Grove, PA), diluted 1:10,000 in TBS containing 5% nonfat powdered milk. Immunoreactivity was visualized by enhanced chemiluminescence (Amersham, Piscataway, NJ). The membrane was scanned using a desktop scanner to document the results.
RESULTS
Subjective and Objective Examination of Study Participants
A significant difference (P ϭ 0.002; one-way ANOVA) was found between the mean dry eye questionnaire score of the normal subjects (11.33 Ϯ 6.3 points [SD]), when compared with the subjects with moderate dry eye (43.33 Ϯ 19.5 points). Biomicroscopic examination did not reveal meibomian gland dysfunction in any subject. Bulbar conjunctival injection was significantly higher (P ϭ 0.015; Kruskal-Wallis test) in the subjects with dry eye (grade 0.50 Ϯ 0.53 [SD]) compared with the normal subjects (mean grade, 0). Mean tear osmolality was significantly lower (P ϭ 0.02; one-way ANOVA) in the normal subjects (292.67 Ϯ13.93 mOsm/kg [SD]) when compared with the subjects with dry eye (308.66 Ϯ 16.02 mOsm/kg). The mean tear break-up time was significantly (P ϭ 0.037), shorter in the subjects with dry eye (6.67 Ϯ 3.21 seconds [SD]) than in the normal subjects (12.12 Ϯ 8.08 seconds). The other clinical tests performed did not demonstrate statistically significant differences between the two groups.
hBD Expression in the Conjunctival Epithelium
As shown in the examples in Figures 1A and 1C , hBD-1 and -3 mRNA expression in the conjunctiva, as determined by RT-PCR, was observed in all subjects tested. However, as illustrated in Figure 1B , hBD-2 mRNA was expressed only in the conjunctival epithelium of the subjects with dry eye. Figure 2 shows the mRNA expression of the three ␤-defensins in cultured conjunctival epithelial cells. hBD-1 and -3 mRNA were constitutively expressed by all the cells (n ϭ 3 passages for cell lines, n ϭ 3 donors for primary cultured cells). A weak baseline expression of hBD-2 mRNA was observed in the primary cul-FIGURE 1. hBD expression in human subjects. Duplex RT-PCR was performed for GAPDHϩhBD-1 (A) or GAPDHϩhBD-2 (B) on RNA extracted from conjunctival impression cytology specimens. One-step RT-PCR was performed to detect GAPDH and hBD-3 mRNA (C). M, size marker; N, normal subject; D, subject with dry eye. Data are from two representative subjects in each group. 
Effects of Cytokine or PA Treatment on hBD Expression by Conjunctival Epithelial Cells in Culture
Primary cultured human conjunctival epithelial cells were treated with proinflammatory cytokines or heat-killed PA to test differential expression of hBD (n ϭ 3). As shown in Figure  3A , hBD-2 mRNA upregulation was observed in primary cultured cells after treatment with IL-1␤, TNF-␣, IL-1␤ϩTNF-␣, IFN-␥, or heat-killed PA. Semiquantitative analysis relative to GAPDH revealed a 2 to 2.7 fold-increase of hBD-2 expression with the various treatments, compared with the media-treated controls. Though the combination of IL-1␤ and TNF-␣ resulted in an hBD-2 band of higher intensity (2.7-fold increase) when compared with treatment with IL-1␤ alone (2.5-fold increase), the difference was not significant. There was no difference in the expression of hBD-1 or -3 with cytokine or bacteria treatment. The results from the cell lines were the same, with the exception that treatment with either TNF-␣ or IFN-␥ alone was unable to induce hBD-2 expression ( Fig. 3B; n ϭ 3) .
Effect of Various Concentrations and Treatment Duration of IL-1␤ on hBD-2 Expression by Conjunctival Epithelial Cells
We investigated the effect of various concentrations of IL-1␤ (n ϭ 2 cell lines; n ϭ 1 primary cells) and incubation time (n ϭ 2 cell lines; n ϭ 1 primary cells) on hBD-2 expression. It is evident from Figure 4A , that hBD-2 expression by primary cultured cells increased with the addition of 0.1 ng/mL of IL-1␤ and peaked at 10 ng/mL. Semiquantitative analysis relative to GAPDH levels, showed a 1.2-fold hBD-2 mRNA upregulation with 0.1 ng/mL IL-1␤ treatment and a peak of 1.6-fold upregulation with the addition of 10 ng/mL IL-1␤. hBD-2 protein secretion was also upregulated (Fig. 4B ) in the same manner.
As illustrated in Figure 5A , hBD-2 mRNA expression was increased as early as 2 hours of treatment with 10 ng/mL IL-1␤ and plateaus at 12 hours. Semiquantitative analysis relative to GAPDH levels revealed a 1.3-fold hBD-2 mRNA upregulation at 2 hours and a peak of 1.7-fold upregulation at the 12-hour time point. Immunoblot analysis (Fig. 5B ) revealed that hBD-2 protein secretion was upregulated after 8 hours of treatment with 10 ng/mL IL-1␤.
DISCUSSION
We have shown that hBD-2 mRNA is expressed in the conjunctival epithelium of subjects with moderate dry eye but not in normal subjects. In contrast, hBD-1 and -3 were constitutively expressed in both groups. We also observed that the expression of hBD-2 mRNA and protein can be upregulated in conjunctival cells in culture by proinflammatory cytokines and heat-killed PA.
To establish the presence of dry eye, we assessed tear osmolality, tear stability, tear volume, ocular surface health and performed a symptom assessment using a dry eye questionnaire. The subjects with moderate dry eye had significantly higher tear osmolality and shorter tear break-up time, attributes known to be changed in dry eye. 1 Our subjects did not undergo serologic testing for Sjögren's syndrome. However, as none reported a history of connective tissue disorders or xerostomia, conditions that provide a firm basis to suspect Sjögren's syndrome, 39 we believe that our subjects with dry eye had aqueous-deficient non-Sjögren's dry eye.
We used RT-PCR to study the expression of hBD-1, -2, and -3 in the conjunctival epithelium of the two groups of subjects. hBD-1 was found to be constitutively expressed in both groups; however, we observed hBD-2 expression only in the subjects with moderate dry eye. Hattenbach et al. 26 previously found variable expression of hBD-2, though they did not specify the ocular surface status of their subjects. hBD-3, which had not previously been studied was constitutively expressed.
We cannot completely eliminate the possibility that goblet cells populating the conjunctival epithelium may also express defensins. However, based on the evidence that only 4% to 10% of the conjunctival epithelium comprises goblet cells 40, 41 and subjects with dry eye have decreased goblet cell densities, 42, 43 we believe that our results are reflective of the epithelial cell population. Dry eye syndromes have been linked to gender showing greater prevalence in postmenopausal women. 1,44 -46 The two subject groups in this study consisted of mainly women. Because the mean ages of the normal (28.37 years) and dry eye (26.22 years) subjects were much below menopausal ages, and tear physiology is not affected by hormonal changes in this age group, 47 our impression cytology results are unlikely to have been influenced by hormonal factors.
We used RT-PCR and immunoblot analysis to study the expression of hBD by cultured human conjunctival epithelial cells. Our results show that hBD-1 and -3 were constitutively expressed, whereas hBD-2 was inducible. hBD-1 has been shown to be constitutively expressed in corneal and other ocular cells, 27, 28, 30, 48 thus agreeing with our data. In our study, hBD-2 expression was induced by various cytokines as well as by PA. Similar findings have been reported for corneal epithelial and other cells. 49 -54 Treatment with TNF-␣ or IFN-␥ upregulated hBD-2 mRNA but not protein secretion in the primary cultured cells. The reason for this is unclear, but one possibility is that they were unable to activate the hBD-2 secretory pathway. These cytokines were also unable to induce hBD-2 mRNA or protein expression in the cell lines tested. Evidence from gene array studies (Narayanan S, unpublished observation, 2002) and indirect observations that IFN-␥ can alter Chang cell gene expression 37, 55 suggests that the NHC and Chang cell lines possess TNF-␣ and IFN-␥ receptors. However, we are unsure why these cytokines were unable to upregulate hBD-2 mRNA. One reason may be differences in postreceptor intracellular pathways between primary cultured cells and the cell lines. Several studies have demonstrated that hBD-3 expression can be induced by cytokines and bacteria.
14,56 However, we did not observe this in conjunctival epithelial cells, a finding in keeping with an earlier observation of ours in corneal epithelial cells. 29 Our results indicated that IL-1␤ was able to induce hBD-2 mRNA expression rapidly (by 2 hours) and was effective at concentrations as low as 0.1 ng/mL. As expected, secretion of hBD-2 was delayed, only becoming detectable after 8 hours of treatment with 10 ng/mL IL-1␤. These results show that IL-1␤ is a potent inducer of hBD-2 in conjunctival epithelial cells. Notably, the level of IL-1␤ in the tear film of subjects with dry eye is 80 to 180 pg/mL, whereas that of normal subjects is 30 pg/mL. 5 Therefore, tear film levels of IL-1␤ in subjects with dry eye approximate to the lowest concentration of this cytokine, which induced hBD-2 expression in conjunctival epithelial cells in culture.
We have shown that hBD-1 and -3 were constitutively expressed in the conjunctival epithelium of subjects with normal ocular surface as well as dry eye, whereas hBD-2 was only expressed in the dry eye group. Based on our results that proinflammatory cytokines upregulate hBD-2 expression in cultured conjunctival cells and the evidence from other studies for an inflammatory basis for dry eye disease, 2 we hypothesize that hBD-2 expression is induced by increased activity of proinflammatory cytokines in our subjects with dry eye. Because the three ␤-defensins do not have identical spectra of antimicrobial activity, 13, 14, 25, 56 it is possible that baseline protection is provided by hBD-1 and -3, whereas hBD-2 widens the spectrum and provides additional defense especially for subjects with dry eye where the ocular surface is compromised. The higher tear osmolalities observed in subjects with dry eye may affect the activity of secreted defensins because some are known to be salt-sensitive. 13 However, physiological conditions at the ocular surface of subjects with dry eye do not preclude significant antimicrobial effects. The decreased tear quantity in subjects with dry eye may effectively increase the concentration of antimicrobial agents. Also, synergistic interactions between antimicrobial peptides may counteract the effect of high salt concentration.
Although hBDs are primarily antimicrobial in nature, they can influence cellular activities such as proliferation, 18 cytokine production, 19, 20 and histamine release by mast cells. 23 Defensins also have chemotactic effects on mast cells, T-cells, dendritic cells, and monocytes and promote dendritic cell maturation. 21, 22, 57 At least some of these functions appear to be mediated by receptors such as toll-like receptor-4, 58 and CC-chemokine receptor-6. 59 These other activities have led to the suggestion that defensins are a link between innate and adaptive immunity. 24 It is possible that expression of hBD-2 plays a chemotactic role in mediating the increase in T-cell subpopulations observed in subjects with non-Sjögren's dry eye. 60 Further, hBD-2 stimulated histamine release by conjunctival mast cells may elicit signs and symptoms of ocular irritation. Therefore, while an increased expression of hBD-2 may be beneficial in terms of antimicrobial protection, it may also contribute to ocular surface damage observed in subjects with dry eye.
